2014 Nous avons étudié la structure et la charge effective de micelles d'octylphosphate de sodium en solution aqueuse, en fonction de la concentration et du pH. Les variations de pH permettent en effet de faire varier la charge structurale Z0 des têtes polaires de 0,8 à 2 électrons par tête sans autre modification. La masse et la charge des micelles ont été déterminées par diffusion de neutrons aux petits angles interprétée par la méthode de Hayter et Penfold. Les micelles sont petites et sphériques quand Z0 = 2 et croissent en ellipsoïdes quand Z0 = 1. Pour Z0 = 0,8, des micelles très anisotropes se forment. La densité de charge effective portée par l'interface est pratiquement constante (de 5 à 8 03BCC/cm2). Cette densité de charge est prévue par le modèle de Poisson-Boltzmann réseau.
Introduction.
The interfacial behaviour in micellar aggregates is a crucial problem that is not yet completely understood. This paper addresses a central question, namely the influence of the electric charge of the ionic headgroups on the interfacial properties. We shall present experimental data on micellar charge densities and area per headgroup and compare it with Poisson-Boltzmann cell model predictions. An e) The micellar structural charge Zo and the effective charge Z as seen by neighbouring micelles, f ) The roughness of the water-hydrocarbon interface and the dynamics of the headgroups.
Point a is only a question of definition. Small angle neutron scattering (SANS) studies provide information on points b to e [1] [2] [3] . High resolution small angle scattering [4] or NMR studies [5] are needed to obtain information on point f.
In this paper, we use a precise definition of the interface as the geometrical volume containing the amethylenes, the ionic headgroups, the condensed counterions and the hydration molecules bound to the counterions or to the ionic headgroups and which are not expelled by contact of two micelles. Our central interest will be to study (using SANS) the response of such an interface to structural charge variation using monoalkylphosphate surfactants under different pH conditions. Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphys:01985004605074900
The net charge per polar head of amphiphile is generally 1 to 2 for ionic or zero for nonionic or zwitterionic amphiphiles. By varying the charge per polar head, keeping the hydrophobic chain length constant, we may hope to understand the electrostatic contribution to the free energy of micellization or to check thermodynamic models with different values of this charge. Moreover the properties of micelles. formed from highly charged amphiphiles may be different from the usual ones and show some interesting properties. A good illustration of the effects of charge variation is seen in the influence of pH on the gel to liquid crystal transition in bilayers [6, 7] . By varying the pH in lamellar phases containing zwitterionic or weakly acidic headgroups the net charge per polar head may be varied from zero to one, which results in a lowering of the L,-L,, transition temperature while the area per polar head A increases from 48 Å 2 to 65 A2. These effects are purely electrostatic in origin and these experiments could be well interpreted from the Gouy-Chapman model of the electrical double layer [8, 9] .
Since ionic micellar solutions are usually stabilized by the ionic headgroup repulsion, reduction of the charge per headgroup to zero is generally not possible. We were able to vary the structural charge Zo in the present study from 0.8 to 2 charges per headgroup by using monoalkylphosphate surfactants [10] [11] [12] [13] having two weakly acidic protons, according to the equilibrium :
R is an alkyl chain (n-octyl in the present case), pK1 = 2 and pK2 = 7. It should be noted that the charge variation is obtained without any change in other parameters such as the chain length or the size of the polar head. As seen in the phase diagram ( Fig. 1) , very low structural charges are not accessible due to the low solubility of octylphosphoric acid (0.018 M). The pH scale is only indicative since the exact value of the pH is concentration dependent. The low solubility of long chain weak acids is the reason why this type of study cannot be carried out with 1-1 salts such as carboxylates.
The part of the phase diagram shown in figure 1 corresponds to the water rich corner at 30 OC. The boundaries separating the monophasic domain from the diphasic one (solid + liquid) were established by direct observation. The critical micellar concentrations (cmc's) were determined by electrical conductimetry, using the break of the slope in the plot of the measured conductivity against the amphiphile concentration. An a.c. conductimeter operating at 4 kHz was used to prevent polarization of the electrodes. The cmc curve in figure 1 is the boundary between the micellar phase and a monomeric solution. (Zo = 2) [14] because of the insensitivity of the cmc to the nature of the polar head at a given charge. The hydrophobic interactions remaining constant, the increase of monomer concentration in equilibrium with the micellar pseudo-phase is a direct consequence of the stronger electrostatic repulsions between the phosphate headgroups. A similar well known effect is the decrease of cmc by addition of salt [15] . Salt addition increases the micellar size, eventually leading to the formation of large aggregates [16] . A decrease in the size of the phosphate micelles is expected when the charge is increased. An analogous size decrease (and cmc increase) has been observed when hydroxide is substituted for bromide or chloride in alkyltrimethylammonium surfactants [17] . The dominant effect in this latter case is an increase of the electrostatic repulsion between headgroups which is offset by increasing the surface area A per amphiphile. Since the radius R varies as N 1/3, where N is the aggregation number, and the available area varies as R2/N, A is proportional to 1/R and the increased repulsion is accommodated by decreasing N and hence R.
2. Experimental. 2 .1 MATERIALS. -The sodium monoalkylphosphates were prepared by neutralization of monoalkylphosphoric acid with sodium hydroxide. The dry salts were then obtained by freeze drying the solutions. The monoalkylphosphoric acids were prepared by a reaction of the relevant n-alcohol with phosphorus oxychloride POC'3 [18] . A stoichiometric amount of alcohol (Aldrich) was added dropwise in POC13 (Aldrich) while stirring and cooling with ice. Solid alcohols were used as their solution in benzene. After all the alcohol was added, the mixture was allowed to warm to room temperature and hydrogen chloride was removed under reduced pressure. The hydrolysis of the monoalkylphosphoryldichloride was carried out with concentrated sodium hydroxide up to pH = 10. The remaining alcohol was extracted with ether. Upon addition of hydrochloric acid down to pH = 1, the monoalkylphosphoric acid was extracted with ether, dried in vacuo and recrystallized in n-hexane [19] . The purity of the compounds was more than 98 % as checked by 1 H and 31 P NMR. Solutions were made up in deuterated water (98 %, Service des molecules marquees, CEA, France). 3 h, depending on sample concentration. All measurements were performed at 30 °C using quartz sample containers with 2 mm optical path. Standard procedures [20, 21] ] were used to correct for scattering from the continuous phase and the data were reduced to the absolute differential cross-sections expressed in barns/micelle or in cm -1, the two units being related by the number density of micelles. Wavelength dependence was corrected using a calibration made by R. Oberthuer [22] on similar samples.
Theory.
The effective scattering cross-section of a solution of interacting spheres is given approximately by [23] :
where K is an experimental constant, c is the concentration of scatterers (cm-3) and the average &#x3E; is over the size distribution in the sample. The scattering amplitude F(q) of a spherical object formed by. an internal sphere of radius R, (scattering length density B1) and a concentric external shell of radius R2 (scattering length density B2) is given by : where f(x) = (sin xx. cos X)/X3 and Bs is the mean scattering length density of the solvent. An important property of F(q) is that the value at the origin is only related to the mass of the dry particle through the total scattering amplitude : The S( q) function is the interference arising from spatial correlations between micelles due to repulsive interactions (1) . An analytical expression for S(q) has been given by Hansen and Hayter [24] . S(q) = 1 when the particles are uncorrelated, i.e. in dilute solution. This is the case only for volume fractions less than 0.5 % for ionic species. The value of S(q) at the origin reflects the osmotic compressibility of the micelles.
If all scatterers in the solution are identical, expression (1) reduces to the exact result :
The use of equation (4) to interpret scattering data from interacting micellar systems requires calculation of S(q) so that the single particle function P(q) may be determined for comparison with a micelle model through equation (2) . Direct Fourier inversion is not possible due to the small q-range of the data. Inspection of equation (2) shows that the radii and scattering length densities are not independent parameters and any unconstrained fitting procedure which attempts to obtain both R,, R2 and B,, B2 from F(q) may lead to wrong radii [25] or sterically unreasonable geometries [26] , since an arbitrary variation of B may compensate an error in R.
We start with the method proposed by Hayter and Penfold [1, 2] to restrict the number of free and independent parameters to the aggregation number, N, the effective charge of the micelle, Z, and the hydration number, h, from which the absolute scattered intensity may be calculated given a geometrical packing model. The inner core volume V 1 and scattering length density Blare calculated from the volume of the hydrophobic chains minus the a-methylenes, using molecular volumes per group taken from reference [27] . The calculated volume found was rescaled by a small correction (5 %) to adjust the total calculated volume of the molecule, to the experimental one (169 cm3/mol [11] ). It is worth noting that partial molar volumes enter equation (4) quadratically, and precise values are necessary [11, 28] if theoretical intensities are to be calculated to good accuracy for comparison with absolute intensity data.
The volume of the interface is calculated taking into account the volumes of the phosphate headgroups, the a-methylenes, the adsorbed counterions and the hydration water. Adding the two volumes, we are able to calculate the external radius R2 of the micelle. R2 is the radius of closest approach : in our definitions, hydration water molecules are those which are not expelled by contact between micelles.
The actual value of Ri could of course be different with another choice of partition between R1 and R2 but the final determinations of N, R2, h and Z would remain identical. In our case, R1, R2, B, and B2 are unambiguously defined through the three starting parameters N, Z and h. In order to calculate the interference term S(q), one has to evaluate the three input parameters used in the rescaled analytical calcula-tion [2, 24] of S(q) : volume fraction 0, effective charge Z and the Debye screening constant K. For concentrations expressed in mol/I and R2 in A, the appropriate parameters are given by (2) : ye-k = 8.356 x 104 Z2/Rl eT(1 + KR2 )2 (7) where k = 2 KR2 and ye-k is the contact potential expressed in units of ks T. The permittivity, I, is taken to be that of the solvent in which the i' tb ionic species is present at molar concentration C;. 4 . Data analysis.
The three parameters N, Z and h are not fully independent : under certain conditions, an increase in hydration h can have an effect similar to an increase in the charge Z; the correlation between micelles is increased and the osmotic compressibility is lowered in both cases (Fig. 2) . At low volume fraction, S(q) is not very different from unity and the scattering is insensitive to hydration. These observations show that it may be difficult to separate Z from h. The determination of the mass through the aggregation number is much easier since the absolute scaling of the scattering is proportional to the square of the mass of the micelle via the known scattering amplitudes of the constituent atoms. To determine N, Z and h we must make the assumption that h, the hydration number per surfactant molecule, is independent of the micellar concentration; the total hydration may still vary through changes in N. Under this assumption h may be determined at high concentration (16 % dry volume fraction) where this procedure is sufficiently sensitive, and then fixed for the analysis of all other data. The micelle model at lower concentrations thus depends only on N and Z.
In the case of high structural charge (Zo = 2), when small micelles are formed, equation (4) did not give a good fit to the data. In this case a two-step procedure was used. First, the hydration was fixed to the estimated value and approximate values of N and Z were fitted. The polydispersity was then calculated through the mass variation with concentration [29] and introduced in the calculation procedure to obtain a more refined fit (see Sect. 5 .1). This procedure was used once but could be iterated several times, if necessary.
In order to compare the effect of a charge variation with that of a variation in the hydrocarbon chain length, we measured the scattering from solutions of amphiphiles with Zo = 1 and chain lengths of 6, 10 and 12 carbon atoms instead of 8. To avoid problems due to the high Krafft temperature of the dodecylphosphate salt [10] , the temperature was increased to 50 °C. The charge and mass of octylphosphate micelles were found to be the same at 30 OC and 50 OC.
The hexylphosphate micelles (Zo = 1) show a behaviour similar to sodium octanoate [30] or octylphosphate for Zo = 2. For chains with 10 or 12 carbons, good fits were never obtained using equation (4) indicating a breakdown of the assumption of sphericity. The decylphosphate and the dodecylphosphate appear to be ellipsoidal at all concentrations investigated. This trend is already evident in the octylphosphate micelles, which show a slight asphericity. The main consequence of this is that S(q) and hence the charge cannot be properly evaluated, although an estimate of N may still be obtained from the value of the absolute scattering. Results are shown in table I. 5 . Results and discussion. Although a reasonable agreement was found between the calculated spectrum I(q) and the observed scattering, the absolute scattered intensity was consistently larger than the theory. This indicates that the micelles have somewhat greater volume than the spherical packing model yields for a given aggregation number, and is probably due to ellipticity or polydispersity.
MASS AND HYDRATION OF
The aggregation number is found to increase with concentration as expected at a given structural charge Zo. This behaviour has often been observed with ionic amphiphiles when the measurement has been made carefully [30, 31] . An exception is found with the surfactants bearing trimethylammonium headgroups where the repulsion the heads is more steric than electrostatic in origin so that the headgroups cannot be compressed to. increase the micellar size. The variation of aggregation number with concentration is shown in figure 4 . For Zo = 2, the qualitative behaviour is similar to that of sodium octanoate [31] ; there is a quasi-linear relation between the concentration and the mass of the micelle. This mass variation is coupled to the width of the micellar size distributipn. We discuss this in the context of the multiple equilibrium model, which relates the variance Q of the mass distribution to the variation of the mean aggregation number N with the mole fraction of micellized amphiphile x [29] :
The primary consequence of this relation is that polydisperse micelles must show a size variation with concentration. Separation of size from shape polydispersity is not possible on the basis of scattering experiments alone [28] , and we note that studies which claim concentration independent mass in the presence of polydispersity [25] contradict equation (8) . Applying the latter to octylphosphate micelles at Zo = 2, we find a size polydispersity of order 20 %. Assuming a Gaussian distribution, the polydispersity index Mw/Mn is about 2. Spherical micelles have a limited size, their radius being restricted to not much more than the length of a fully extended chain. From this length and the volume of the alkyl chain Tanford calculated the maximum aggregation number allowed with spherical micelles [32] . This limit is about 30 for octylphosphate and is reached when Zo = 1.67.
For Zo = 1.33 or Zo = 1, a different behaviour occurs : aggregation numbers increase until the limit N = 50 is reached. The actual aggregation number being larger than the limit of sphericity, without a significant hole in the micelle, some deformation of the spherical shape or some roughness of the hydrocarbon-water interface must be considered. This point is examined in the recent theoretical work of Gruen [33] . Beyond the limit N = 50, a further deformation of the micelle is energetically unfavourable because of the reduction of the area per headgroup. If the deformation of the micelle leads to an ellipsoid, ellipticities of about 2 or 0.5 are obtained, according to oblate or prolate form. This is rather more than was found for SDS micelles [4] . A confirmation of the ellipticity of the micelles is shown in figure 5 . The best available approximation to the scattering of an isolated micelle P(q) is obtained by dividing the experimental scattering I(q) by the theoretical S(q) ; it should be noted here that S(q) is significantly different from unity only when q is lower than 1 nm-1. Plotting P(q) on a logarithmic scale [34] , it is possible to estimate the ellipticity, but it is not possible in this angular range to distinguish between oblate or prolate ellipsoids. At constant concentration of micellized amphiphile (C -cmc), the aggregation number increases when the structural charge per headgroup decreases. This increase is accompanied by a concomitant decrease in the area per headgroup which diminishes as the electrostatic repulsion becomes smaller. Since one dimension of the micelle is always fixed by the monomer chain length, a decrease in surface area per headgroup must be achieved by growth in another dimension. In figure 6 , the area per polar head is shown as a function of the structural charge Zo and the concentration. The micelles are not large compared to the Fig. 5 . -Log (P) versus Log (qR) for a Ccmc = 0.95 M solution with Zo = 1 (0) and for Zo = 2 (0) compared with theoretical curves for ellipsoids of different axial ratios r. headgroup depends on where the interface is defined in the polar region between R, and R1; we have used the surface at the geometrical average of these two radii. A quantitative explanation of figure 6 would need a complete thermodynamical description of the electrical interactions in the interface. Our goal in evaluating the area per monomer is to give data which may be used to test theoretical models. Qualitatively, it should be noted that the areas are similar when the charge Zo varies from 1 to 1.67, and are different from those obtained with fully ionized monomer (Zo = 2).
If there is an increase in the area per polar head, there must be a concomitant variation of the hydration per headgroup to fill the space on the surface between the polar heads. In the case of Zo = 2, there are about 9 water molecules per surfactant bound to the micelle inside the effective interacting hard sphere. The situation is comparable with the hydration of SDS micelles [1, 4] ; although nearly half of the total volume of the micelle is water, this is easily accommodated in the polar shell and the core remains dry. At Zo = 1, only 4 water molecules per surfactant molecule are bound to the micelle. Comparing this with the situation at Zo = 2, one sees that the hydration water is largely carried by the condensed counterions, about 5 per sodium ion. These hydration numbers compare well with measurements carried out on phosphate groups in DNA [34] or in sodium phosphate ions [35] . As will be shown below, these results have a significant impact on the solubilizing properties of the micelles. The only possible explanation is that the solubilized benzene is located in the core of the octylphosphate micelle. Therefore, the extensive water-hydrocarbon contact on the surface occurring in the small micelles at Zo = 2 reduces the solubilizing power per surfactant molecule. This does not need any penetration of solvent in the core, but only an increase of the area per headgroup, which reaches 100 Å2. This solubilizing site of benzene has been checked by measuring the shift of the proton NMR lines of surfactant induced by the benzene ring current. This method was originally proposed by Eriksson and Gillberg [37] . As is shown in figure 7B , the induced shift is proportional to the concentration of added benzene, the solubilization site is thus independent of the amount of solubilized benzene.
The shift of the first and the second.methylenes H, and H2 located near the interface are smaller than the shift of the terminal methyl line Hs, confirming the location of benzene in the micellar core. Note that in the case of alkyltrimethylammonium surfactants, the solubilization site of benzene was found to be different [37] . We have here a typical example of the crucial importance of structural charge on interfacial structure, with consequences on hydration and solubilizing power.
THE CHARGE AT THE INTERFACE. -The effective
charge Z at the interface is always lower than the ayailable structural charge Zo due to the counterion binding to the headgroups. The values of the fraction of free ions fl = ZINZO obtained from the fitting procedure are indicated in table II. The sensitivity of our determination of the effective charge Z is shown in figure 2b where scattering profiles were generated for different values of bound counterions. For typical experimental parameters (Zo = 2, cmc = 0.38 M, § = 33 %, polydispersity = 20 %), the calculated spectra obtained without charge (j8 = 0) or at complete dissociation ( = 1) are shown in comparison to the mean value = 0.50 ; we obtain the fraction of free ions with a precision of about 10 % as long as the polydispersity is small. If the polydispersity is more than about 15 % in radius (45 % in size), systematic errors can occur [38] .
In order to make a theoretical estimate of the condensed ionic fractions, we use the well known Poisson-Boltzmann cell model (PBC). We shall recall the most important steps of this theory and refer the reader to references [39 to 44] for more details. In the framework of this model, the micellar solution is separated into neutrally charged elementary spherical cells whose radial parameter, Rcell, is linked directly to the concentration. A micelle, of radius R, is placed at the centre of each cell. The counterions and coions are taken as point charges and immersed in a continuous solvent of dielectric constant F = 80. The electrostatic potential tp is spherically symmetrical and must be calculated from r = R to r = Rcen where r is the distance to the centre of the polyion. Here C+ = Z0.C and C-= Z0.cmc. We note that, for simplification, we assume that all the monomers bear a single charge. Actually, some monomers are divalent, but this approximation is justified because the monomers stay far from the micelle and do not influence the counterion distribution near the polyion.
Such a system of equations must be solved numerically by iteration. On convergence, the difference between the calculated value of d §(R)/dr and the theoretical value NZO Lø/R2 (Gauss theorem), shows the accuracy of the integration. If the difference is too large, the calculation is repeated with a smaller integration path. At this stage, the potential 0 and the local concentration of counterions C+(r)=M+ eo are known.
In this model we must define a cut-off distance Y below which the counterions are defined as condensed on the micellar surface. Thus the condensed fraction a will be g(Y), where : and the degree of ionization of the micelle P, will be 1 -aC/(Ccmc). The value of Y remains to be estimated. Several possibilities based on thermodynamical or geometrical considerations are considered : 1) Y = Y 1 where Y1 is a pre-defined geometrical distance, independent of the electrostatic interactions, 2) Y = Y 2 where Vl(y2) = 1,
The choice of Y may appear crucial but, in fact, all the definitions lead to condensed fractions of the same order of magnitude [42, 43] . When the electrostatic interactions are strong, the different values are almost similar and the principle of condensation is correct. In the opposite case (low charge or strong screening), the values fl; vary rather more and the separation between condensed and free ions cannot be clearly defined. The study of these different values gives an estimate of the uncertainty in the effective charge. We must still choose a value for the radius R, for example R = R, or R = R2-In the first case we will give the four degrees of dissociation corresponding to the four cut-off distances Yi, YI, Y3 and Y4 with the natural choice R = R,. In the second case, no choice of Y, is evident and we therefore calculate only the last three /3;. All the values of /3i are listed in table III together with the results obtained from the scattering experiments interpreted with the rescaled MSA calculation.
First we note the agreement is better with Y ,, Y 1 and Y4 than with Y 3. This result has already been observed elsewhere [45] . The difference between fli, /31 and P4 increases with increasing concentration, when the screening of the structural charge of the micelle is more important and the function g(r) does not have a pronounced inflexion point. An uncertainty in Y leads to an uncertainty in the condensed fraction and hence in /3, especially when the cmc is large. The MSA calculation is not highly sensitive to the effective charge of the micelle and the experimental value of j8 is only approximate. Within these limits, the different definitions of Y and the MSA values lead to the same degrees of ionization at low volume fractions, except for Zo = 2, where the experimental value is in any case less reliable [38] .
Another way to express the results is to calculate the surface charge density Q = /3NZo/4 rcR2. We have plotted a(gC/cm') versus the volume fraction of micelles for the different values of Zo (Fig. 8 ). We note that all the different surface charge densities lie between 5 and 8 gC/CM2 . The experimental uncertainty in the MSA results (Fig. 2) is comparable with the differences observed in figures 8a to 8c. The PBC model is convenient for calculating the effective charge Z from the structural charge Z,, the size and the concentrations of micelles and salt.
It pre-supposes no chemical binding between the surface of the polyion and the counterions. Where applicable, the calculation allows the suppression of one parameter (the effective charge) in fitting the experimental spectra, so that only one free parameter, the aggregation number, remains.
Conclusion.
We have been able to quantify several important features of the interfacial and structural characteristics of octylphosphate micelles as a function of Zo, the structural charge of the headgroup. First, the aggregation number increases when the headgroup charge is decreased. The small spherical micelles obtained with highly charged amphiphiles (Zo = 2) grow continuously up to a limiting value (N = 50) as the charge decreases down to Z, = 1. These rather large micelles (compared to the maximum aggregation number of 30 for spherical octylphosphate micelles) are ellipsoidal. A further decrease of the charge down to 0.8 gives rise to highly anisotropic aggregates.
Secondly, the charge variation and concomitant variation of the area per polar head induces a large variation in the micelle hydration : the larger the area per polar head, the larger the hydration number. The effective surface charge density varies more slowly than the structural charge, changing only from 5 to 8 J,1Cjcm2. The larger variation of the area per polar head and of the hydration is associated with the variation of structural charge Zo. These phenomena are crucial in understanding the solubilizing power of benzene taken as a typical solubilizate.
Finally, judicious use of the PBC theory leaves the aggregation number as the only free parameter in the analysis of scattering data from micelles, since the PBC theory allows the effective charge Z to be deduced from the radius and the counterion screening.
